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The crossover from double-junction behavior to single-junction behavior of ultrasmall tunnel
junctions is studied theoretically in a scanning-tunneling microscope setup. The independently
variable tip temperature of the microscope is used to monitor the transition between both regimes.
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I. INTRODUCTION
The Coulomb blockade of the current through a sys-
tem of ultrasmall tunnel junctions is one of the basic
features of single electronics. There are two simple sys-
tems capable of producing this blockade if connected to a
voltage source, namely the single junction within a high-
impedant environment and the double junction. Owing
to their different features the theoretical description of
the former is much more simple than that of the latter,
whereas manufacturing favors the latter instead of the
former.
In this paper we study theoretically the crossover from
double-junction behavior to single-junction behavior in
the usually scanning-tunneling-microscope setup.2 The
tip junction, i.e. where the outer electrode is formed by
the microscope tip, is characterized by the resistance
R1 and the capacitance C1, whereas the corresponding
parameters of the other junction are denoted R2 and
C2. The crossover between double-junction regime and
single-junction regime is governed by the temperature of
the microscope tip, Ttip, which is thought to be indepen-
dent of the temperature of the other electrodes, Tbase. We
discuss the case Ttip ≥ Tbase only. In order to observe a
Coulomb blockade the base temperature is restricted to
values Tbase ≪ EC/kB, where EC = 1/2 e
2/(C1 + C2) is
the Coulomb energy of the double junction.
If the tip temperature is comparable to the base tem-
perature, a usual double-junction behavior is expected.
Its theoretical description is the so-called “orthodox
theory”:3,4 a master equation describes the occupation
probability of different charge states of the small island
between the two junctions. The current through the sys-
tem is expressed in terms of these probabilities.
If the tip temperature is well above Tbase, thermal fluc-
tuations will make the tip junction more transparent.
However, its resistance is still large on the scale of the
quantum resistance Rk = h/e
2 ≈ 25.8kΩ. Thus we have
the typical single-junction setup: an ultrasmall tunnel
junction at base temperature and an high impedant al-
most ohmic environment resistance. The small capaci-
tance of the latter is negligible.
This paper is organized as follows. The theoretical
approximations for our discussion are given in the next
Section. After this follow the discussion itself and the
conclusion.
II. THEORETICAL DESCRIPTION
A. Double junction
The ultrasmall double junction is described in terms
of standard “orthodox theory”.3,4 Assuming the tunnel
rates through the first (1) and second (2) junction in right
(r) and left (l) direction are known as r1,2(n) and l1,2(n)
for n extra charges on the central island, the time depen-
dence of the occupation probability σ(n) of the state n
follows from the master equation3,4
dσ(n, t)
dt
=
[
r1(n− 1) + l2(n− 1)
]
σ(n− 1, t) (1)
+
[
r2(n+ 1) + l1(n+ 1)
]
σ(n+ 1, t)
−
[
r1(n) + r2(n) + l1(n) + l2(n)
]
σ(n, t).
For the considered stationary situation we use the sta-
tionary solution of this equation4,5
σ(n) =
1
Z
n−1∏
i=−∞
[
r1(i) + l2(i)
]
(2)
×
∞∏
j=n+1
[
r2(j) + l1(j)
]
with an appropriate normalization Z so that
∞∑
n=−∞
σ(n) = 1.
The stationary average current results from σ(n)
〈I〉 = e
∞∑
n=−∞
[
r1(n)− l1(n)
]
σ(n) (3)
= e
∞∑
n=−∞
[
r2(n)− l2(n)
]
σ(n).
Let us consider the transition rates r1,2(n) and l1,2(n)
in detail now. They depend on n via the energy differ-
ences Er,l1,2(n) caused by the respective tunneling event,
1
Er1,2(n) = EC
(C2,1V
e
∓ n−
1
2
)
(4)
El1,2(n) = EC
(
−
C2,1V
e
± n−
1
2
)
.
If the electron temperature on both sides of the junction
is the same, Fermi’s Golden Rule results in3,4
{r, l}1,2(n) =
1
e2R1,2
Er,l1,2(n)
1− exp[−βbaseE
r,l
1,2(n)]
, (5)
where βbase = (kBTbase)
−1 is used. In case of consider-
ably different temperature on both sides of the junction
we use instead6
{r, l}1,2(n) =
kBTtip
e2R1,2
log
[
exp
(
Er,l1,2(n)
kBTtip
)
+ 1
]
. (6)
As shown in Ref. 6, (6) is a reasonable approximation for
Ttip ≥ 2Tbase. Eq. 6 indicates that the tunneling behav-
ior in this case is governed by the higher temperature.
The influence of the temperature difference results in the
change of (6) in comparison to (5).
B. Single junction
Since the single-junction regime requires a warm tip
we consider the hot environment only. In this case the
energy excitation probability of the environment P (E) is
given by a Gaussian7
P (E) =
1
2
√
βenv
piEc
exp
[
−
βenv
4Ec
(E − Ec)
2
]
(7)
where we introduced the single-junction charging energy
Ec = e
2/(2C2) and βenv = (kBTenv)
−1 describes the el-
evated environment temperature. Eq. 7 fulfills the sum
rules8
∫
dE P (E) = 1 (8)∫
dE E P (E) = Ec.
In Ref. 9 a Lorentzian shape is derived for the hot en-
vironment and negligible charging energy, but we have
not found satisfactory results with that formula. In the
considered temperature range charging effects are still es-
sential as can be seen from the occurance of the Coulomb
blockade. Hence, the situation here might be well outside
the scope of the Lorentzian formula of Ref. 9.
The single junction at Tbase is described by two rates,
namely r2 and l2. Their functional dependence on the en-
ergy difference between both sides of the junction follows
(5), but the energies Er,l2 are the voltage drops across the
junction. For low base temperature we can make use of
the approximation10
E
1− exp(−βE)
≈ EΘ(E) +
1
β
exp(−γ|E|)
with γ = (6/pi2)β = 0.607 927β from the normalization
0∫
−∞
dE E
1− exp(−βE)
=
pi2
6 β2
=
0∫
−∞
dE
β
exp(−γ|E|).
This allows for an analytic expression of the current
through the junction
I(V2) = e
∫
dE P (E)
[
r2(eV2 − E)− l2(−eV2 − E)
]
,
where we use Er,l2 = ±eV2 − E. The current is calcu-
lated in terms of the voltage V2 across the single junc-
tion, which does not include the voltage drop V1 at the
tip junction. Using g = Rk/R1 the final expression is
I(V2) =
V2
2R2
+
1
eR2
{
−
Ec
pi
arctan
βenvg
2pi
(eV2 − Ec) +
eV2 − Ec
pi
arctan
βenvg
2pi
(eV2 + Ec) (9)
+
1
βenvg
log
1 +
[
βenvg(eV + Ec)/(2pi)
]2
1 +
[
βenvg(eV − Ec)/(2pi)
]2
+
4
βbaseβenvγbaseg
[ 1
[2pi/(βenvg)]2 + [eV2 − Ec]2
−
1
[2pi/(βenvg)]2 + [eV2 + Ec]2
]}
.
For dominating bias, eV2 ≫ Ec, kBTenv, the asymp-
totic behavior I(V2) = (V2 − Ec/e)/R2 is recovered.
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III. DISCUSSION
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FIG. 1. Calculated current through an STM double
junction (C1 = 1.0fF, C2 = 0.1fF, R1 = 1.0MΩ,
R2 = 0.1MΩ, Tbase = 0.1K) for tip temperature
Ttip = 0.2K (solid line, staircase) and Ttip = 1.0K (solid
line, straight). The long dashed line shows the result
of a zero-temperature-environment calculation, whereas the
short-dashed line displays Eq. 9 with Tenv = 0.75K.
In Fig. 1 the result of our calculation are shown for the
case of an asymmetric double junction. Double junction
systems where an STM forms one junction are very of-
ten asymmetric. This asymmetry results in a Coulomb
staircase as seen for the low temperature curve in Fig. 1.
For higher tip temperature the stairs are smeared out,
but the Coulomb blockade survives. This is the expected
behavior of a single junction in a high-impedant environ-
ment. The curve is fitted well by our model of the hot
environment and the derived current (9). The fit param-
eter is the temperature Tenv, which is found between the
low temperature Tbase and the hot Ttip. Thus, it does not
take wonder that the displayed zero-temperature approx-
imation of P (E) cannot describe the the double-junction
system.
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FIG. 2. The environment temperature Tenv in dependence
on the tip temperature Ttip for four different base temper-
atures Tbase = 0.05K, 0.1K, 0.15K, 0.2K (from the top) as
resulted from a least-square fit. The dashed line displays
Tenv = Ttip.
An interesting remaining question is the dependence
of the environment temperature Tenv on the choice of
the base temperature Tbase and the tip temperature Ttip.
Since Tenv is a theoretical parameter of our model we in-
vestigated this dependence by means of a fit procedure.
The results (for the system of Fig. 1) are shown in Fig. 2.
Tenv is well above Tbase, which corresponds to the results
found in Ref. 6 for the single-electron electrometer. We
restrict the consideration to the case Tenv ≤ Ttip. For
low tip temperatures the Coulomb staircase makes a fit
meaningless. The dependence on Ttip is weak. Neverthe-
less, it is astonishing that Tenv decreases with increasing
Ttip and increasing Tbase. An rigorous treatment of the
dependence of the (theoretical) environment temperature
on the (real) base and tip temperature requires further
investigation.
IV. CONCLUSION
In a theoretical treatment we have shown that the
crossover between double-junction behavior and single-
junction behavior in an STM setup can be monitored by
a single parameter, the tip temperature of the STM. The
tip junction works as an ohmic environment resistance for
the hot tip. Even if the temperature on both sides of this
junction is very different, its behavior can be described
by an environment temperature alone.
ACKNOWLEDGMENT
Extensive help with the fit procedure provided by Mar-
tin Springer of Lund University, Sweden, is gratefully ac-
knowledged.
1 phm@rz.uni-jena.de.
2 R. Wilkins, E. Ben-Jacob, and R. C. Jaklevic, Phys. Rev.
Lett. 63, 801 (1989).
3 D. V. Averin and K. K. Likharev, in Mesoscopic Phenom-
ena in Solids, Modern Problems in Condensed Matter Sci-
ences (30), edited by B. L. Altshuler, P. A. Lee, and R. A.
Webb (Elsevier, Amsterdam, 1991), pp. 173–271.
4 M. Amman et al., Phys. Rev. B 43, 1146 (1991).
5 F. Seume and W. Krech, Ann. Phys. (Leipzig) 1, 198
(1992).
3
6 R. L. Kautz, G. Zimmerli, and J. M. Martinis, J. Appl.
Phys. 73, 2386 (1993).
7 G.-L. Ingold and Y. V. Nazarov, in Single Charge Tun-
neling: Coulomb Blockade Phenomena in Nanostructures,
NATO ASI Series B: Physics, Vol. 294, edited by H.
Grabert and M. H. Devoret (Plenum, New York and Lon-
don, 1992), pp. 21–107.
8 G.-L. Ingold, P. Wyrowski, and H. Grabert, Z. Phys. B 85,
443 (1991).
9 G.-L. Ingold and H. Grabert, Europhys. Lett. 14, 371
(1991).
10 W. Krech and H.-O. Mu¨ller, Mod. Phys. Lett. B 8, 605
(1994).
4
